This study proposes a new hybrid Mach-Zehnder interferometric (MZI) sensor based on two core-offset attenuators and an abrupt taper in a single-mode fiber fabricated by a fiber-taper machine and electric arc discharge. When the distance between the two core-offset attenuators is stretched to 4500 µm, significant interference signals are detected with a prominent attenuation peak of ∼28 dB. The proposed MZI can be used to measure temperature due to its low refractive index (RI) and strain cross-sensitivity. The temperature sensitivity is 34.95±0.04 and 106.70±0.04 pm/
Fiber sensors are widely applied to monitor physical, chemical, and biological parameters for process control in the manufacturing, biomedical, aerospace, petrochemical, and public health industries due to their unique advantages, such as compact size, low cost, and immunity to electromagnetic interference [1] . The physical quantities, including refractive index (RI), stress, gas concentrations, and temperature, are important parameters in these applications [2] . Among various fiber optic techniques, fiber-based interferometer sensors have special advantages, such as high sensitivity, high integration, simplicity, and compact inline measurement. The types of optical fiber sensors in a singlemode fiber (SMF) include the Fabry-Perot [3] , long-period gratings (LPGs) [4, 5] , Mach-Zehnder [6, 7] , and Michelson interferometers [8, 9] . Various methods were proposed to fabricate the sensors, including splicing two pieces of a photonic crystal fiber (PCF) with a small lateral offset [10] , two abrupt tapers [11] , a biconical fiber taper [12] , a single abrupt taper in a SMF with a cleavedfiber, coated end [13, 14] , an intrinsic Fabry-Perot interferometer fabricated at the fiber tip [15, 16] , etc. A few sensors can measure RI and temperature simultaneously by using LPGs, modified fiber Bragg gratings (FBGs), and hybrid LPG-FBG structures [17−19] . Yet they do possess some disadvantages, such as an unstable system and high cost, which restrict their industial applications. FabryPerot fiber sensors and core diameter mismatch interferometers can measure temperatures up to ∼1000
• C, but these sensors all have cross-sensitivity to external RI [20] . In this study, a sensor consisting of two core-offset attenuators and an abrupt taper is proposed and fabricated by a fiber-taper machine and electric arc discharge on SMF. The temperature sensitivity is 34.95±0.04 and 106.70±0.04 pm/
• C in the temperature ranges of 14−250 and 250−1000
• C, respectively. The cross-sensitivities of the proposed sensor to external RI and strain are low, which is desirable for temperature sensing. Figure 1 illustrates the schematic structure of the interferometer sensor. One offset attenuator is completed through fusion splicing of two sections of SMF; the other offset attenuator is fabricated in the same way. An abrupt fiber taper is then pulled between the two coreoffset attenuators by a fiber-taper machine. Part of the incident lights are coupled into the tapered cladding from the core after they pass through the first offset attenuator, and then coupled back into the core when they pass through the second offset attenuator. The phase difference between the cladding and the core modes can be expressed as
where ∆n eff is the difference of the effective RI between the core and the cladding modes, L is the length of the interferometer, and λ m is the wavelength of the attenuation peak in air. When the phase difference is an integral number of π, i.e. ϕ = (2m + 1)π, the wavelength of the attenuation peaks is approximated by [21] 
When the difference of the effective RI (∆n eff ) has a small incremental δn eff with the external indexes, the wavelength of the attenuation peak shifts to a shorter distance with the change of the external indexes. According to Eqs. (1) and (2), the distance can be expressed by
where δλ m /δn eff expresses the sensitivity of this sensor. The change of external index (e.g. the length of sensor or the effective RI) can induce wavelength shift δλ m . Through Eq. (3), the sensitivity of the sensor can be improved by increasing the length L or decreasing the fringe order m.
The fiber inline Mach-Zehnder interferometer (MZI) is fabricated by normal SMF-28 using a conventional fusion splicer (model IFS-9, INNO INSTRUMENT, Inc.) and a fiber-taper machine. As shown in Fig. 1 , the sensor consists of three parts, i.e. two core-offsets and a fiber-taper. The two normal cleaved ends are made into one core-offset by one discharge. The other core-offset is also completed in the same way with a distance of 22.5 mm from the first one. To minimize the loss and achieve robust splices, the arc duration is set to 60% (1200 ms) and the current is 50% of the default value [22] . A detection system consisting of a tunable laser (Agilent 81980A) and an optical power meter (Agilent 8163B) is used to measure the transmission spectra by wavelength sweeping. The wavelength range of tunable laser scans is 1465-1575 nm, and the rate is 5 pm per step. A transmission spectrum is obtained after the two coreoffsets are fabricated ( Fig. 2(a) ). Then the sensor is placed in a fiber-taper machine to produce the abrupt taper between the two core-offsets. When the distance between the two core-offsets is stretched to 2000, 3000, 4000, and 4500 µm respectively, the transmission spectra are displayed in Figs. 2(b) and (c) . When the sensor is stretched to 4500 µm, the maximum attenuation peak reaches 28 dB. The diameter of the taper waist is D=91.70 µm and the last length of the sensor is 23 mm. The transmission spectra are revealed in Fig. 2(d) when the sensor is stretched to 4500 µm and cooled down to 25
• C, in which the maximum attenuation peak moves to the left. The background loss of the interferometer is about 17 dB because when the fiber is fine-drawn at a high temperature, part of the lights in the cladding are scattered into the air. According to Eq. (3), if the length of the sensor and effective RI change, the wavelength of the attenuation peak will shift with the external environmental condition. For the temperature testing, a muffle furnace with a heating range of 14−1000
• C is employed to heat the fiber interferometer. The interferometer is encapsulated in the furnace and heated at a fixed temperature rise rate of 5
• C/min. Along with the temperature rising, the transmission spectra are recorded every other 25
• C. The attenuation wavelength (peak A) shift as a function of the temperature is displayed in the process of twice heating in Fig. 3 . According to Fig. 3 , the sensitivities of the twice heating processes are almost the same, which reveals a high repeatability of the sensor. The curve can be divided into two linear sections. The slopes of the wavelength shifts with temperature in the range of 14-250 and 250-1000
• C are 34.95±0.04 and 106.7±0.04 pm/
• C, respectively, by linear fitting. The temperature sensitivity can be expressed by [23] dλ m /dT = λ m ∆n eff
The change of the effective RI and the length of fiber with temperature are ignored under normal conditions. Hence the temperature sensitivity can be expressed by
where dnco dT and dn cl dT are the thermo-optical coefficients of the fiber core and cladding respectively. The chemical composition of the fiber cladding is silicon dioxide, while the composition of the fiber core is silicon dioxide doped with germanium. The temperature sensitivity will increase with the increase of temperature, because the growth rate of dnco dT is faster than that of dn cl dT . Thus the temperature curve is fitted separately during the whole range in Fig. 3 .
The proposed MZI is placed on a mobile translation stage with the precision of 1 µm. The range for the measurement is 0−80 µm with an increasing step of 10 µm. The experimental process is conducted at room temperature, and air humidity is set to 20%. If the length of the sensor and increment of stretch length are denoted by L wo and ∆L, respectively, the strain expression ε can be expressed by
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The wavelength shifts of attenuation peak A and peak B with the increase of strain are displayed in Fig. 4 . The sensitivities of peak A and peak B are obtained by linear fitting, which are 5.91±0.01×10 −5 and 6.55±0.01×10 −4 nm/µε, respectively. The strain sensitivity of peak A decreases one order of magnitude compared with that of the other MZI sensors, which are 0.31 [24] and -0.72 pm/µε [25] respectively. RI measurement is carried out at room temperature, and salt solutions with different concentrations (0, 2, 4, 6, 8, 10, 12, and 14 g per 100 ml water respectively) are used to test the RI response. The corresponding RIs are 1.3329, 1.3364, 1.3397, 1.3429, 1.3460, 1.3490,  1.3519, and 1.3546 , respectively. The maximum attenuation peak at 1570 nm is denoted. In Fig. 5 , the spectral response is revealed by immersing the sensor in air and salt solutions with different concentrations. The wavelength shift of the maximum attenuation peak with the surrounding RI is a linear relationship for the external RI in the range of 1.3329 to 1.3546. The slope is only −12.14±0.07 nm/RIU, which is low enough to decrease the cross sensitivity of RI for temperature sensing. The ported RI sensitivities of other MZI sensors that measured temperature and RI simultaneously are 66.32 [22] and 105.65 nm/RIU [26] , respectively. In conclusion, a new MZI is proposed and fabricated by two core-offset attenuators and one abrupt taper in a SMF. When the proposed MZI is stretched to 4500 µm between two core-offset attenuators, an excellent MZI sensor is obtained, which has a prominent attenuation peak (∼28 dB) and high temperature sensitivity. The fabricated MZIs are applied to measure temperature, strain, and RI changes. The temperature sensitivity is 34.95±0.04 and 106.70±0.04 pm/
• C, respectively. For temperature sensing, the proposed MZI is of low cross- sensitivity with strain and RI. The fabrication process of the sensor is much simpler and has promising applications in high temperature sensing fields.
